INTRODUCTION {#sec1-1}
============

Yanhusuo (*Corydalis yanhusuo* W. T. Wang.) is a well-known plant of corydalis, which is a group of herbs used in different parts of the world to relieve pain. As an important Chinese remedy, yanhusuo has been used for hundreds of years to help "invigorate the blood" and relieve almost any painful condition. In China, people thought yanhusuo could promote circulation of blood and qi, and relieve pain, such as chest pain, epigastric pain, amenorrhea, dysmenorrheal, blood stasis after childbirth, and traumatic swelling pain \[[@ref1]\]. Nowadays, yanhusuo is widely used to relieve menstrual cramps, chest and abdominal pains in clinical, not only in analgesic, antiseptic, and antispasmodic and antitussive, but also in combination with other herbs in formulae to treat pains in the traditional system of Chinese medicine.

Alkaloids contained in yanhusuo may the responsible for its activities. Published researches indicted that there are many active alkaloids in yanhusuo. For example, dl-tetrahydropalmatine (dl-THP) has neuroprotective effect, and it also has anti-multi-drug resistance (MDR) effect to the MCF-7 cell lines \[[@ref2]\]. It could interact with P-gp and alters its ATPase activity to reverse MDR and enhances vincristine's ability to inhibit the proliferation of human leukemia cell lines \[[@ref3]\]. dl-THP also depresses lipopolysaccharide (LPS)-induced overexpression of intercellular adhesion molecule-1 and E-selectin in human umbilical vein endothelium cells (HUVEC)\[[@ref4]\].

Berberine (Ber), another alkaloid in yanhusuo, not only induces the apoptosis of human cancer cells, such as HONE1 cells, HepG2, HCT116 and SW480 cells \[[@ref5]-[@ref9]\], but also induces the apoptosis of HUVEC cell \[[@ref10]\]. Ber also inhibits cell invasion in non-small lung cancer \[[@ref11]\]. Previous reported also indicated that Ber was effective MDR and/or P-gp modulator. Ber modulated the expression and function of pgp-170 that leads to reduce the response to Paclitaxel in the digestive track cancer cells \[[@ref12]\].

Dehydrocorydaline (DHC) could inhibit breast cancer cells proliferation by inducing apoptosis in MCF-7 cells \[[@ref13]\], and DHC also inhibited the elevation of mitochondrial membrane potential and induced ATP depletion in LPS-stimulated macrophages, but neither affected basal mitochondrial membrane potential nor ATP content in non-stimulated macrophages \[[@ref14]\].

Nevertheless, the studies on the combination effect of the components in Chinese herbs were limited, in this study, the synergy of THP, Ber and DHC was evaluated by isobologram, combination index (CI) and modified coefficient of drug interaction (CDI) methods in a fixed ratio and different concentrations. As a result, THP and Ber produced the strongest synergy effect on anti-cancer cell proliferation activity at the ratio of 2:3 (Ber:THP, the average CDI value is 0.5795), and there were no significant synergistic effect between THP and DHC, and DHC and Ber.

MATERIALS AND METHODS {#sec1-2}
=====================

Materials {#sec2-1}
---------

Roswell Park Memorial Institute (RPMI) 1640, fetal bovine serum (FBS), phosphate-buffered saline, penicillin-streptomycin and 0.25% (w/v) trypsin/1 mM ethylenediaminetetraacetic acid were purchased from Invitrogen (Carlsbad, CA, USA). Dimethyl sulfoxide (DMSO) was supplied by Sigma (St. Louis, MO). Ber and *dl*-THP were purchased from International Laboratory (San Bruno, CA, USA) or ChromaDex (Irvine, CA, USA). DHC was isolated from crude plant of *C. yanhusuo*, and identified by high performance liquid chromatograph, infrared, nuclear magnetic resonance and mass spectrometry. The *C. yanhusuo* was purchased from the Huadong Medicine Group Co., Ltd., (Hangzhou, Zhejiang, P. R. China).

Cell Lines {#sec2-2}
----------

MDA-MB-231 cells (human breast cancer cell line) were purchased from ATCC (Manassas, VA, USA) and cultured in a monolayer at 37°C and 5% CO~2~ in RPMI 1640 medium supplemented with 10% FBS, 100 mg/mL streptomycin, and 100 U/mL penicillin. MDA-MB-231 cells in exponential growth phase were seeded to the plates or dishes. After 24 h, the cells were attached to the bottom of the plate, and different concentration of drug-containing medium was added.

Evaluation of Cytotoxicity {#sec2-3}
--------------------------

Cell viability was estimated with MTT assay. The method was described in our previous paper \[[@ref15]\]. Briefly, MDA-MB-231 cells were seeded at 2 × 10[@ref4] cells/well density in 96 well plates. 100 mL of drug-containing medium were added to treat for 48 h. Cell inhibition was monitored by the classical MTT assay at 570 nm using a Multilabel counter (Perkin Elmer, 1420 Multilabel Counter VICTOR3, Wellesley, USA). The relative growth rate was defined as the percentage of the absorbance of the treated cells compared to that of the untreated cells. Dose-response curves were generated. The cytotoxicity of the designed mixtures was detected. Subsequently, refer the result from the first screening, the cell viability in different ratios were also detected.

Evaluation of Combination Effect by CI Method {#sec2-4}
---------------------------------------------

Drug combination effect was analyzed by the method of Chou and Talalay \[[@ref16],[@ref17]\], which was the most popular method to evaluate the combination effect by median effect analysis. In brief, two drugs were administered at a fixed ratio, the dose of the combination required to produce fractional survival f could be divided into the component doses (D) and (D)~2~ of drug 1 and drug 2, respectively. For each level of cytotoxicity, the CI was then calculated according to the following equation:
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Where (D)~1~ and (D)~2~ are the concentrations of the combination required to produce survival f, (Df)~1~ and (Df)~2~ are the concentrations of the individual drugs required to produce *f*. The CIs were calculated based on the most conservative assumption of drug interactions as followed: if the effect of two agents is 'mutually exclusive' (similar mode of action), then α = 0, otherwise, α = 1 (nonexclusive, differ in their action). In this method, the CI indicates antagonism (CI \> 1), additivity (CI = 1), or synergism (CI \< 1). The linear correlation coefficient r was generated for each curve to determine the applicability of the data to this method of analysis. In all experiments, *R[@ref2]* was \> 0.9.

Evaluation of Combination Effect by Isobologram Methodology {#sec2-5}
-----------------------------------------------------------

Isobologram is another mathematical approach, which has been described in order to determine the level of drug interaction \[[@ref18]-[@ref20]\]. Cell viability results were analyzed by plotting an "equivalent line" on the isobologram. If data points for combinations fall to the left of the line, synergy is indicated, if the data fall on the line, drug interaction is said to be additive (summation of effects). If the data points fall to the right of the line then the combination is considered subadditive (antagonistic).

Evaluation of Combination Effect by Modified CDI {#sec2-6}
------------------------------------------------

The CDI was used to analyze effects of drug combinations. The foundation of CDI is (*E*)~1,2~ = *E*~1~ × *E*~2~, where (*E*)~1,2~ is the measured effect of combination effect; *E*~1~ and *E*~2~ are the drug effects of each agent when separate application. CDI is calculated as follows: CDI = *AB*/(*A* × *B*). According to the absorbance of each group, AB is the ratio of the combination groups to control group; A or B is the ratio of the single agent group to control group. Thus, CDI \<1, = 1 or \>1 indicates that the drugs are synergistic, additive or antagonistic, respectively. CDI \<0.7 indicates that the drug is significantly synergistic \[[@ref21]\].

However, it is un-comprehensive to evaluate the drug interaction by the CDI only in one concentration. We modified the classical CDI method, namely calculate the average CDI value of several drug concentrations, to evaluate the total drug interaction of the agents. Briefly, a dosage range (from C~mix~ to C~max~) is designated according as the actual drugs effect. Subsequently, we selected a series of dosages (6 points, *n* = 6) in the above range, to calculate the CDI by ![](JIE-3-68-g002.jpg), K is defined as the interval between two consecutive dosage points, ![](JIE-3-68-g003.jpg). Finally, aver-CDI, defined as ![](JIE-3-68-g004.jpg), was used to evaluate the total drug combination effect.

Statistical Analysis {#sec2-7}
--------------------

Unless otherwise indicated, experiments were repeated until three replicates yielded coefficients *R* \> 0.9 for all three median effect lines. Results of multiple experiments were summarized by indicating the means ± standard deviation of the indicated level of growth inhibition. Significances were determined using Student's t-test and were accepted when *P* \< 0.05.

RESULTS {#sec1-3}
=======

DHC and THP {#sec2-8}
-----------

As shown in [Table 1](#T1){ref-type="table"}, modified CDI method was used for evaluation the combined effect between DHC and THP. DHC (40 μm in DMSO) and THP (20 μm in DMSO) were mixed in 24:1, 12:1, 4:1, 2:1, 1:1, and 1:3 (DHC:THP), then diluted to 100, 150, 200, 300, 400, 600, 800, 1200, 1600, and 2400 folds for cell culture.

###### 

The CDI values in different ratios of DHC and THP mixture on their cytotoxicity effect in MDA-MB-231 cells
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As a result, under the experimental conditions, DHC and THP hardly exhibited combined growth inhibitory effect in MDA-MB-231 cells \[[Table 1](#T1){ref-type="table"}\], the average CDI values were from 0.90 to 1.08, indicated an additivity effect.

Ber and THP {#sec2-9}
-----------

To investigate the synergistic inhibitory effects of Ber and THP on the proliferation of MDA-MB-231 cell lines, six different ratios, namely 12:1, 4:1, 3:2, 1:1, 1:3, and 1:9 (Ber:THP), were used to analyze the synergistic inhibitory effect of drug combination. Ber (30 μm in DMSO) and THP (20 μm in DMSO) were mixed and diluted to 100, 150, 200, 300, 400, 600, 800, 1200, 1600, and 2400 folds for treatment.

As shown in [Table 2](#T2){ref-type="table"}, the combination effects of Ber and THP in the 3:2 and 1:1 have strong synergistic effect. Therefore, we further studied the synergistic interactions in several specifically ratio between Ber and THP, from 2:3 to 2:1 \[[Figure 1](#F1){ref-type="fig"}\].

###### 

CDI values of Ber and THP mixture in different ratios on their cytotoxicity effect in MDA-MB-231 cells

![](JIE-3-68-g006)

![The combination effect of Berberine and Tetrahydropalmatine (THP). Y bar shown as the cell viability (% of control) of different groups. × and Z bars shown the concentrations of Berberine and THP μm). Emi= the estimated cell viability of the groups, Act= the active cell viability of the groups calculated from MTT assay results](JIE-3-68-g007){#F1}

As shown in [Figure 1](#F1){ref-type="fig"}, Ber and THP yielded synergistic interactions across a wide concentration range (CDI \<0.7), especially between the B: T = 2:3 and 1:1.

DHC and Ber {#sec2-10}
-----------

To investigate the synergistic inhibitory effects of Ber and DHC on the proliferation of MDA-MB-231 cell lines, five different ratios, namely 9:1, 3:1, 1:1, 1:3, and 1:9 (Ber:DHC), were used to analyze the synergy of Ber and DHC combination. Ber and DHC (40 μm in DMSO) were mixed and diluted to 100, 150, 200, 300, 400, 600, 800, 1200, 1600 and 2400 folds for cell culture.

Combination of Ber and DHC was synergistic when the ratio of B:D was low than 3:1 in MDA-MB-231 cells, and it even exhibited antagonistic effect when the percentage of DHC was \>50%.

Furthermore, we compared the three methods, namely CI \[[Table 3](#T3){ref-type="table"}\], isobolograms \[[Figure 2](#F2){ref-type="fig"}\] and CDI \[[Table 3](#T3){ref-type="table"}\], by evaluating the combination effect between Ber and DHC. Taken together, our results indicate that the values calculated with three different methods were similar, and pointed to the same type of combination effect.

###### 

Aver-CDI values and CI values of different Ber and DHC mixtures on their cytotoxicity effect in MDA-MB-231 cells
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![The synergic anti-proliferation effect of berberine and dehydrocorydaline in MDA-MB-231 cells by classical isobolograms method. Data points fall to the left of the line indicate synergy](JIE-3-68-g009){#F2}

DISCUSSION {#sec1-4}
==========

Combination therapy with multiple drugs is a common practice in cancer treatment. It is the best strategy to reduce cancer in clinical chemotherapy. In fact, the possible favorable outcomes for synergism include: (1) Increasing the efficacy of the therapeutic effect, (2) decreasing the dosage but increasing or maintaining the same efficacy to avoid toxicity, (3) minimizing or slowing down the development of drug resistance, and (4) providing selective synergism against target (or efficacy synergism) versus host (or toxicity antagonism)\[[@ref22]\].

Therefore, evaluation of drug-drug interaction is important in all areas of medicine, especially in cancer chemotherapy. More than eight methods were developed to quantitatively and qualitatively evaluate the drug interaction, including loewe additivity model, fractional analysis, isobologram methodology, medium effect polt (also known as CI method), reflection method, parameter method, response surface method, weighted modification method, and so on \[[@ref23],[@ref24]\]. Isobologram and CI methods were the most popular methods for evaluating drug interactions in combination cancer chemotherapy \[[@ref25],[@ref26]\]. However, these methods were less used in the quantity evaluating of combination effect in other areas, such as ethnological medicine \[[@ref27]\].

In this research, we evaluated the drug-drug interactions between THP, Ber or DHC using CI method, modified CDI and isobologram methodology. Because of the anti-MDR effect of THP and the cytotoxicy effect of Ber in cancer cells, the combination of THP and Ber shown the strongest anti-cancer cell proliferation effect at the ratio of 2:3 (Ber:THP, the average CDI value is 0.5795). DHC and THP showed additive effect after combination. Nevertheless, DHC and Ber even exhibited antagonistic effect when the percentage of DHC was \>50%.

Presently, although the combination of three or more agents was a common method in many clinical settings, the mathematical method is less for quantitative evaluation their synergy effect. Evaluating the combination effect among three drugs, the quantitative research for drug interaction and the integrative estimate in multi-dosages and multi-levels are the future direction in the area. We described our success in generating a systemic evaluation method, modified CDI method, the modified CDI method is based on the assumption that a drug cannot interact with itself and the max survival of cells was

100% even in low dosage. It is easy for studying the combination effects among three agents. The foundation of CDI method is (*E*)~1,2,3~ = *E*~1~ × *E*~2~ × *E*~3~, where (*E*)~1,2,3~ is the measured effect of combination effect, *E*~1~, *E*~2~ and *E*~3~ are the drug effect of each agents when separate application. We subsequently compared the modified CDI method with other two methods, and listed the characteristic of modified CDI method: (1) Based on the drug efficiency, (2) multi-dosages and multi-ratios, (3) quantitative analysis method, (4) easy for application in three drugs interaction but unsuitable for antagonistic agents, (5) ignored sigmoidal shape of the concentration-effect relationship, (6) the result is inaccurate when out of the treatment doses.
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